Economies of Scale in Wastewater Treatment and Planning for Urban Growth:
Abstract. Can urban growth patterns take advantage of economies of scale in infrastructure by relying on fewer and larger treatment plants? Estimates of potential cost savings from alternative wastewater treatment consolidation strategies for the metropolitan Chicago region suggest that the timing of consolidation is important.
Carefully timed consolidation, even consolidation that occurs after development has occurred, might yield present value savings on the order of $170 million in capital costs.
These potential savings are large enough that such strategies should be considered when planning for metropolitan growth.
The Chicago metropolitan region has over 100 wastewater treatment plants, many of them very small. What advantages might accrue if these plants were consolidated over time into fewer and larger plants as the metropolitan area continues to grow? What patterns of urban growth would be efficient with respect to capacity expansion, consolidation, and replacement strategies? This case is one instance of the more general question: Are cost savings from growth patterns that take advantage of economies of scale in infrastructure sufficient to justify the costs of plans, incentives, and regulations necessary to achieve such patterns?
The relationships between land development and infrastructure provision are fundamental to plans for urban development (Kaiser, Godschalk, and Chapin, 1995; Hopkins, 2001b; Hopkins, 2001a; Knaap, Ding, and Hopkins, 2001) . The empirical literature focuses on costs related to development density and to dispersal of subdivisions served by a single wastewater treatment plant (Bahl, 1963; Windsor, 1979; Peiser, 1984; Burchell, Shad, Listokin et al., 1998; Speir and Stephenson, 2002) . There is little empirical literature, however, addressing costs related to the number, sizes, and timing of treatment plants for a large metropolitan area and whether urban development uses available capacity before new capacity is added at other locations.
In this paper we estimate potential cost savings from alternative wastewater treatment consolidation strategies for the metropolitan Chicago region. Our results suggest that the timing of consolidation is important. Carefully timed consolidation, even consolidation that occurs after development reaches buildout, might yield present value savings on the order of $170 million in capital costs. These potential savings are large enough that such strategies are worth investigating in more detail when developing alternatives for particular urban development plans.
Infrastructure and efficient urban growth
Wastewater treatment systems consist of collector sewers, interceptor sewers, and treatment plants. Collector sewers bring wastewater from individual buildings to large sewers, called interceptors because they originally intercepted the flow from small pipes before it entered lakes or rivers. Interceptors convey wastewater to a treatment plant that removes waste and releases cleaner water into a lake or river. Sewers are most efficient if they rely on gravity flow, and thus sewer networks generally follow natural drainage patterns in order to flow downhill.
Focusing on wastewater treatment systems alone, it is, in principle, efficient to build one treatment plant of appropriate size with respect to economies of scale of treatment, collection, and timing of development and then develop land as rapidly as demand warrants until all of the plant capacity is absorbed. Then, build another treatment plant and repeat the process. This basic idea was the principle used to establish the Urban Service Area in Lexington, Kentucky (Segoe and Associates, 1958) . The logic of this strategy occurs at other scales as well. Each interceptor sewer should be fully utilized before others are built, and each collector sewer should be used before others are built.
This strategy would result in urban development occurring in a hierarchy of "chunks" of different sizes: the service areas of collector sewers, the service areas of interceptors, and the service areas of treatment plants.
Real situations are more complex for several reasons. One, there are many different types of infrastructure-schools, parks, fire stations, water supply-with different economies of scale and different spatial patterns (Frank and Fulconer, 1990) . Growth patterns should respond to the combinations of these, not just the wastewater treatment system. Two, growth occurs from an existing situation, which includes existing infrastructure, land use, ownership, and jurisdiction patterns. In this case study, we set aside the complexity of multiple types of infrastructure, but we address the potential gains when evolving from existing patterns as growth occurs. Although we analyze metropolitan Chicago, our purpose is to estimate the approximate magnitude of potential savings for a large metropolitan region, not to consider specific alternatives for the Chicago Metropolitan area. The results indicate the types of strategies and policies that should be considered, for which more detailed and situation specific analyses should be undertaken before making recommendations for specific instances.
Optimal strategies for efficient expansion of infrastructure capacity are extremely difficult to define, much less to identify through computation (Freidenfelds, 1981; Chang, Brill, and Hopkins, 1982) . We make no attempt to do so. Instead, we identify three scenarios that span a range of possible expansion strategies. After running a simulation to determine when, where, and how much expansion would occur in each scenario, we compute the capital and operating costs.
In order to evaluate consolidation of treatment plants, the tradeoff between lower costs from economies of scale of larger treatment plants and higher costs from the larger and longer interceptors needed to bring wastewater from a larger area to these plants must be considered (Chang, Brill, and Hopkins, 1982) . We can ignore the costs of collector sewers because they will be of the same total length and size regardless of the degree of consolidation of treatment plants. It is sufficient to consider only the interceptors necessary to consolidate from existing treatment plants by piping wastewater from locations of existing plants to locations of consolidated plants.
The paper is organized as follows. First, we describe the framework of analysis, the data, and their limitations. Second, we explain the calculations for each scenario. Third, we compare the scenarios. Fourth, we consider sensitivity of the results to uncertainty and data error. Finally, we interpret the implications of these results for metropolitan development planning.
Framework and Data
The problem is framed at a regional level based on Facility Planning Areas (FPA), which are shown in Figure 
Initial Situation
Although we have current flow data for some Facility Planning Areas, we do not have complete data. Therefore, we estimate current flows using these engineering estimates and 1990 population and employment data. We used the conventional estimate of 100 gallons per capita per day (gcpd), which is currently recommended for system design purposes by the Illinois Environmental Protection Agency. These estimates were compared to the flow data for FPAs for which we have data. The computed estimates are, in general, lower than the observed flows. There are several possible explanations. Many of these plants may collect from combined storm and sanitary sewers and through old pipes, which are subject to higher rates of infiltration than assumed for current design standards.
Of 103 FPAs in the Chicago metropolitan region, we have data for 71. The other 32 are outside of the area covered by the NIPC population and employment forecasts, very small in demand and area, or in a few cases missing data. We excluded from the scenarios the Metropolitan Waste Reclamation District of Greater Chicago (MWRDGC) and the forecasted demand for this FPA. These plants are 50 to 100 times larger than most other plants. The 1990 capacity for the MWRDGC is about 2,150 MGD while all others combined are just 500 MGD at the end of the 30 year forecast period. One treatment plant in the MWRDGC has a capacity of over 1,000 MGD and another a capacity of 500 MGD. By our calculations the MWRDGC plants currently have sufficient capacity based on the demand predictions we are using. These predictions may be misleading because combined storm and wastewater sewers in this area may also carry significant quantities of surface water. Most of the MWRDGC area is already built out, so demand is unlikely to increase significantly. Errors in estimates of demand or cost for these plants would completely overwhelm the remaining components of the system. These plants are already so large that they will not be further consolidated. Even if additional capacity is built at the same site, it will likely be equivalent to a new plant without replacing the existing plant.
The simulations locate new households and new employees only on "undeveloped" land. For each FPA, the buildout capacity is calculated by assuming that new population and employees will consume land at the same rate as current population and employees consume developed land in that FPA. Treatment capacity for each FPA is initialized for a simulation run, absorbed as development occurs, and increased when plant expansions occur based on the expansion rules of that scenario.
Demand
These scenarios use populations and employees forecasted in 1990 by the Northeastern Illinois Planning Commission (NIPC) for each municipality for 2020. NIPC made two forecasts, one assuming a new airport to the south and one assuming the expansion of the existing O'Hare Airport. We use the forecasts without the new airport.
The differences are not pertinent to this investigation of generic strategies, but would be pertinent to decisions to build particular plants. We assume that growth is linear with respect to time and convert the 30-year forecasts to five year intervals from 1990 through 2020.
These forecasts are also converted spatially from municipalities to FPAs. First, we create the geographic intersection (polygon overlay) of municipalities, facility planning areas, and undeveloped land. Forecasts for each FPA are computed as weighted averages of the forecasts for the municipalities included in the FPA. For each municipality, we compute the proportions of its undeveloped area in each of the FPAs that served any of its area. These portions of each municipality's growth are then summed across municipalities to obtain the growth for the FPA. These calculations yield a population increment and an employment increment for each FPA for each five-year interval.
Treatment plants are designed to handle a daily average flow estimated from the intended service area (see e.g., Viessman and Hammer, 1998) . To estimate demand in the same units, we use engineering estimates of daily average flow as a function of population for residential and number of employees for non-residential. Demand as population and employment is converted to demand in Gallons Per Day (GPD) of treatment capacity. The current engineering convention is to use 100 gallons per resident per day (see e.g. USGS 2001 at http://ga.water.usgs.gov/edu/navguide.html#wateruse).
For commercial and industrial employment, we estimated consumption from United
States Geological Survey and Illinois Statistical Abstract data, which resulted in 100 gallons per day per employee. This calculation was approximated in a couple of ways.
The simplest was to take total water consumption from public supply sources for commercial and industrial uses for Illinois, assume 80 percent of it is returned to wastewater treatment system, rather than being consumed in process or product, and divide this number by the total number of employees in Illinois.
We also computed demand at buildout. Working from NIPC land use data, we computed the amount of developed urban land and the amount of land available for urban development in each FPA. Developed urban land is currently urbanized, which is calculated as all categories except agriculture, vacant, park, wetlands, and water. Land available for urban development is total land minus developed urban land, parks, water, and wetlands, which leaves agriculture and vacant. Buildout demand is computed as remaining available land in the FPA multiplied by the current density of demand in that FPA. The current density of demand is total GPD divided by developed area for that FPA. These buildout estimates are used to set plant sizes in expansion scenarios.
Costs
Costs are calculated after running a simulation to generate an expansion path -a sequence of changes in sizes of treatment plants at five year time intervals. Costs include treatment plan costs, interceptor costs to bring wastewater from sites of existing plants to new consolidated plants, and operating costs. The capital cost function is from the United States Environmental Protection Agency (1978b), and is converted to 1990 dollars by multiplying the coefficient by the ratio of price indexes. Note that the exponent .88 is close to 1.0, which means that the economies of scale are relatively small. It is, therefore, not surprising that much of the difference among the scenarios reported below is attributable to differences in timing of replacement of existing capacity, not just to the increase in plant size.
These capital cost calculations assume that a plant gets built once and lasts forever.
Under these assumptions, the age of a plant when it is replaced by consolidation would be irrelevant. In practice, treatment plants have limited life spans because components wear out and technologies and standards change. It is, therefore, necessary to account for replacement of plants in order to take this timing question into account and to handle differences in salvage value at the end of a time period. The cost calculations were modified to consider an infinite stream of plant replacements at a fixed interval and cost.
We assume that the plant must be replaced every thirty years at a cost equal to the cost of construction. Speir and Stephenson (2002) annualized costs over a 30 year life, and the 30 year life and replacement cost assumptions are also roughly consistent with other specific cases of replacement. All existing plants are assumed to be new in 1990.
Sensitivity to these assumptions is considered below.
The present cost of construction now and a stream of replacements is the sum of a geometric series
where c is the cost of initial and replacement construction and R is the discount rate over the interval of replacement. For this geometric progression of costs, with 1 / (1+R) less than 1, the sum can be approximated as c (1+R) /R. Thus the equation above can be modified by inserting a coefficient S equal to (1+R) /R for particular instances of R based on annual discount rate and replacement interval to estimate the cost of building and sustaining through replacement.
Note that the cost is still discounted from the year in which the plant is first constructed.
Thus the timing of replacement of capacity during consolidation is still accounted for. In our calculations, any plant that was not replaced within the interval 1990 to 2020 based on expansion path rules of the scenario is replaced in 2020 to account for costs of sustaining that capacity.
Costs for the interceptors are calculated as a function of pipe length and quantity of flow using estimates from (Nakamura and Brill, 1977) based on (Deininger and Su, 1971; Nakamura and Brill, 1977) Consolidation because two large plants are built in the first period and another in 2010.
As shown in Table 4 , Early Consolidation saves operating costs in the first 30 years but is the same as Late Consolidation after that.
[Insert Table 4 about here].
Sensitivity to Assumptions and Data
How might assumptions and uncertainty in data values affect the interpretation of these results? It is worth planning for urban development in relation to economies of scale for infrastructure if and only if some expansion strategies have an advantage over others and these advantages are large enough to compensate the costs of using that strategy. Not only the order of preference, but also the magnitudes of differences among the scenarios matter. This section considers possible effects on order of preference and magnitudes of differences of several assumptions and data items. to put the population and employment in the "right" places, there would be no gain from redirecting it and thus no benefit from trying to do so. In this case, there are potential gains, which may be sufficient to justify the costs.
Demand coefficients. There is uncertainty as to appropriate coefficients of demand per person and per employee. Variation in these is equivalent to variation in the population or employee forecasts. Our calculated estimates for 1990 demand were lower than observed flows. Increasing the demand coefficients would yield greater savings from consolidation. The same spatial effects discussed for population could also occur.
Increased demand sufficient to require that plants be built sooner would, however, decrease the advantage of Late Consolidation over Early Consolidation.
Initial plant capacities relative to 1990 demand. Uncertainty in initial plant capacities
arises because of lack of data on current flows and differences between observed flows that may include large percentages of infiltration and storm water compared to design standards used for new systems. When design standard coefficients were used with initial populations and employments for 1990, the estimates for inflow to existing plants were less than reported inflows for most plants for which we have data. If demand should be based on higher coefficients to account for old pipe systems with high inflows or storm drainage entering the sanitary sewer system, then plant capacities would be cost. These two variables can be treated as if they were one because varying the replacement cost is equivalent to varying the replacement interval once the present value is computed. The 30-year replacement interval and construction cost as replacement cost are both probably pessimistic. That is, the interval is probably longer in practice because infrastructure is seldom maintained to standards advocated by engineers. Some of the existing facility is likely to be reusable so that replacement costs may be less than initial construction costs. On the other hand, modification and remodeling may be more expensive per unit of capacity than new construction. These sustainability costs are constant for each scenario after 2020 and thus depend only on the 2020 configuration of plants. If costs based on a 30 year interval and using initial cost as replacement cost are high, then they overstate the magnitude of advantages of consolidation Discount rates. Discount rates used to compute present value or annualize capital costs can affect order of preference and will affect magnitudes of difference as shown in Table   5 . A lower discount rate increases the effect of future costs as a component of total costs.
The lower the discount rate, the greater the advantage of consolidation because consolidation yields continuing advantage far in the future. A lower discount rate also decreases the advantage of Late Consolidation because it reduces the advantage from spending money later. A low discount rate favors consolidation but not later construction. The results in Table 5 suggest, however, that timing is still crucial in yielding differences among the scenarios. Another way to think about these results is that consolidation can occur after buildout. After an area is completely built out and at a time when a large portion of the existing capacity in a major watershed is nearing the end of its useful life, it will be worth building a consolidated plant. This strategy could be implemented by stretching the life of some plants so that it made sense to replace all or most of the capacity at once. The long term savings will be sufficient to justify consolidation if only a small proportion of replaced capacity has remaining useful life. If buildout has already occurred, there is also less interjurisdictional competition for new capacity in particular areas at particular times because the tax generating activities are already in place and treatment plant consolidation will not affect their location choice criteria. Consolidation could then occur at an appropriate time without requiring that demand be shifted from one area to another, thus reducing the costs of intervention through incentives and regulation.
Economies of scale exponent parameters for construction costs.
The conventional wisdom is that urban development can be more efficient by relying on infrastructure investments of efficient size with respect to economies of scale and using available capacity before building new capacity. Our results are consistent with these principles, but they highlight the difficulties that arise when development does not start from a clean slate and demand is dispersed across a large area. The efficient sizes of treatment plants can be so large that few regions will ever grow fast enough to justify building efficiently sized plants for increments of growth as growth is occurring. Forcing development to locate so as to use available capacity can yield large gross savings. In some cases, shifting demand may be too difficult to achieve to justify even these large 
Conclusion
The potential gains for treatment plants would be much easier to realize after buildout has occurred because conflicts in timing with other infrastructure and difficulties of redirecting new development to available capacity would be largely eliminated. It is thus likely that in many situations it will be more productive to plan for growth with a mix of small treatment plants while growth occurs and then make major consolidations after buildout occurs. Even in this approach, it is crucial to consider the remaining useful life of plants to be replaced by consolidation. This approach may be consistent with what has happened historically in many metropolitan areas.
This approach does not mean that plans linking infrastructure and land use are not useful. It means that plans should not only focus on chunks of development as they occur, but also account for very long term consolidation scenarios. Plans as strategies should consider that some treatment plants and sites will be used for only short periods of time, that needed additional land area in eventual consolidation locations should be identified and reserved, that plants later abandoned will require that new interceptors be built for which rights of way should be identified and reserved, and that jurisdictional consolidations and cooperation should be expected to change over time as development occurs. 
